Intense recurring bursts of turbulence on a long time scale are observed in direct numerical simulations (DNSs) of channel flow subject to rapid spanwise rotation for a range of Reynolds numbers and rotation speeds. A necessary condition for manifestation of cyclic turbulent bursts is that the Reynolds number and rotation speed are sufficiently high. The principal cause of turbulent bursts is a linearly unstable Tollmien-Schlichting-like wave with a wave vector normal to the rotation axis. This exponentially growing wave breaks down through a secondary instability when its amplitude is large causing a burst of turbulence. A new instability develops once turbulence has subsided leading to a continuous and self-sustained cycle of bursts. In several DNSs a recurring instability happens despite the flow being strongly and continuously turbulent in a part of the channel while in other DNSs turbulence is mostly weak between bursts. DNS observations have been compared to linear stability theory using the spatially averaged velocity of the DNS as base flow. Analysis shows that Tollmien-Schlichting waves are linearly unstable if Reynolds number and rotation speed are sufficiently high and bursts are observed. In several cases a good agreement between predicted and observed growth rate and eigenfunction of the instability is found, but in other cases the growth rate is overpredicted by linear stability theory and in some cases a Tollmien-Schlichting instability is predicted but not observed. Further study indicates that when observations and predictions differ turbulence or other modes alter the unstable wave, thereby reducing its ability to extract energy from the mean flow. In none of the analyzed DNSs was a significant nonlinear energy transfer from the unstable mode to other modes noted. Inclusion of an eddy viscosity in linear stability theory did not notably improve correspondence with DNSs.
I. INTRODUCTION
Turbulent plane channel flow subject to rotation about the spanwise direction has been a subject of several experimental [1, 2] and numerical studies [3] since it gives insights into generic effects of rotation on turbulent wall-bounded flows and it is a valuable case for turbulence modeling [4] . The aforementioned studies show that Reynolds stresses on the anticyclonic channel side, where vorticity associated with the mean shear is antiparallel to the system rotation vector, are stronger than on the cyclonic side, where these vectors are parallel. Cyclonic and anticyclonic sides are therefore from now on called the weaker turbulent channel side (WTCS) and stronger turbulent channel side (STCS) respectively. These findings are consistent with basic considerations using simple models of rotating shear flows [5] , and simulations and rapid distortion theory of rotating homogeneous turbulent shear flow [6, 7] .
If rotation is very rapid, turbulence on the WTCS becomes weak and the flow relaminarizes [8] . At even faster rotation Reynolds stresses also become strongly suppressed on the STCS in direct numerical simulation (DNS) [3] , consistent with the knowledge of rapid anticyclonic rotation effects [5, 7] . Stability analysis of spanwise rotating channel flow with a parabolic velocity profile demonstrates that all modes with spanwise wave number β = 0 are linearly stable for Ro > Ro c [9] . Correspondingly, the flow relaminarizes in DNS when Ro → Ro c . The rotation number is defined as Ro = h/U b and the Reynolds number as Re = U b h/ν with the system rotation rate, h the channel gap half width, U b the mean bulk velocity, and ν the viscosity. The critical rotation number is Ro c → 3 for Re → ∞.
Modes with β = 0 including Tollmien-Schlichting (TS) waves are not affected by spanwise rotation in linear stability theory. As in nonrotating plane channel flow, TS waves can therefore become linearly unstable and induce a strong instability in rapidly rotating channel flow, as confirmed by DNS at a friction Reynolds number of 180, when Ro → Ro c and the flow is basically laminar Poiseuille flow [9] . If the computational domain is restricted the TS wave saturates [10] but if it is large enough the TS wave breaks down due to a secondary instability leading to quasiperiodic behavior. A similar phenomenon was observed in DNS of magnetohydrodynamic channel flow at Re = 5333 in a strong spanwise magnetic field [11, 12] . Lorentz forces eliminated the turbulence but did not affect linearly unstable TS waves [13] , which caused a strong recurring instability in the DNS. A necessary condition for a TS instability in the two aforementioned cases is presumably Re = U b h/ν 3848 when TS waves are unstable in plane Poiseuille flow [14] .
A complete relaminarization is, however, not a necessary condition for a strong instability. This was shown by [15] who carried out a DNS of spanwise rotating channel flow at Re = 20 000 and Ro = 1.2, which is significantly smaller than Ro c . At this Ro, the flow was intensely turbulent on the STCS but even on the WTCS fluctuations were substantial in the DNS. Despite intense turbulence, a strong instability arose caused by a plane wave with β = 0, bearing resemblance to a TS wave. A stability analysis using the mean velocity profile taken from the DNS confirmed that this wave is linearly unstable. DNS and linear stability predictions of the growth rate, frequency, and shape of the instability agreed well, evidencing that the observed bursts are driven by a linear instability. In the DNS, the plane wave undergoes a secondary instability once its amplitude becomes large and it breaks down, thereby producing an intense turbulent burst and a sharp peak in the wall shear stress on the WTCS. Turbulence decays quickly due to rotation whereafter the plane wave starts growing again. This leads to a self-sustained cycle of growing linear instabilities and subsequent bursts of turbulence.
The study by [15] illustrates that rotating channel flow can become linearly unstable even when the flow is turbulent. The purpose of this paper is to map out through an extensive series of DNSs under what conditions instabilities take place in channel flow subject to spanwise system rotation. DNSs demonstrate a self-sustained cycle of a linear instability and strong bursts of turbulence in a range of Re and Ro, i.e., not only when the flow is close to relaminarization but also in cases when it is partly vigorously and continuously turbulent. The next aims are to compare DNS data with linear instability theory and to study the influence of turbulence on the instabilities.
II. DIRECT NUMERICAL SIMULATIONS
DNSs of rotating plane channel flow as illustrated in Fig. 1 have been carried out. The velocity u is governed by the incompressible Navier-Stokes equations [16] , and the spatial resolution is similar as in previous channel flow DNSs. Periodic boundary conditions in streamwise and spanwise directions and nonslip conditions at the walls are applied. In all runs the flow rate and thus Re was kept constant by adapting the mean pressure gradient. Re is varied from 3000 up to 31 600 and Ro from 0 (nonrotating) to about Ro c which is between 2.67 and 2.87 for this range of Re. Parameters of most DNSs are listed in Table I . The computational domain size has been varied to accommodate the instabilities, as will be explained later. The runs are sufficiently long to reach a statistically stationary state.
III. CYCLIC BURSTS
In this section main flow features are discussed. At certain Re and Ro combinations recurring instabilities and strong bursts of turbulence with long time intervals are observed. Signs of cyclic instabilities and turbulent bursts are seen in time series of the mean wall shear stress τ w on both walls and turbulent kinetic energy K integrated over the whole computational domain in Figs. 2(a) and 2(b) at Re = 30 000 and Ro = 2.1 as well as Ro = 2.4. The recurring sharp bursts in τ w and K have periods of about 650t and 1900t, respectively. While in calm periods between bursts velocity fluctuations are small, especially on the WTCS, turbulence is strongly amplified during bursts across the whole channel [ Fig. 2(c) ]. The mean pressure gradient driving the flow displays sharp peaks as well during turbulent bursts since τ w fluctuates strongly while the flow rate is enforced to be constant.
Time series at Re = 20 000, Ro = 1.2 (see [15] ) and Re = 31 600, Ro = 1.2 are very similar and reveal cyclic turbulent bursts too with a time interval of about 900t and 700t, respectively. Differences with the two previous cases at higher Ro are that the bursts are relatively weaker and that τ w has recurring sharp spikes only on the WTCS. Turbulence is likewise strongly amplified on the WTCS (y 0.3) during bursts whereas the intense turbulence on the STCS hardly changes [ Fig. 2(d) ].
Several other DNSs displayed similar recurring bursts of τ w and turbulence on time scales of about 550t up to 2300t. Later I will discuss in detail under what conditions recurring turbulent bursts are observed. General observations are that at higher Ro bursts in K and τ w are stronger relative to their mean values and not only occur on the WTCS but also become notable on the STCS.
Two DNSs of rotating channel flow not listed in Table I with a constant pressure gradient instead of a constant mass flux have been carried out: one at Re τ = 420 and Ro ≈ 1.2 and one at Re τ = 304.5 and Ro ≈ 2.4 corresponding to Re ≈ 20 000 and 30 000 respectively. Basically the same behavior with recurring turbulent bursts and spikes in τ w is observed as when the mass flux is constant, demonstrating that regarding cyclic bursts no fundamental difference exists between the two cases. Figure 3 shows mean velocity and root-mean-square profiles of wall-normal velocity fluctuations in the calm periods of some DNSs with cyclic bursts, and demonstrates that cyclic bursts appear in DNSs with wide variations in mean velocity profiles and turbulence intensity. Linear stability analysis shows that oblique and streamwise modes with β = 0 are strongly damped or stabilized by rotation when Ro → Ro c [9] . Accordingly, in DNSs with Ro approaching Ro c (Ro c = 2.80 and 2.87 at Re = 10 000 and 30 000, respectively) turbulence levels are low and almost negligible if Ro Ro c in the periods between bursts, while the mean velocity profile approaches a laminar Poiseuille profile. When Ro is substantially smaller than Ro c turbulence is moderate to strong in the periods between bursts, in particular on the STCS of the channel, but also on the WTCS fluctuations are notable (Fig. 3) . The mean velocity profiles display then a linear slope with an absolute mean vorticity near zero [3] .
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IV. MECHANISM OF CYCLIC BURSTS
As mentioned before, [15] have examined the mechanism behind cyclic bursts in rotating channel flow at Re = 20 000 and Ro = 1.2, and showed that the principal driver is a linear TS-wavelike instability. A successive secondary instability causes a breakdown of this wave and a burst of turbulence. Once a burst has subsided the instability recurs leading to a self-sustained cycle of bursts.
A similar process, illustrated in Figs. 4(a)-4(d), happens at Re = 31 600 and Ro = 1.2. About 200t before a turbulent burst a large TS-like plane wave parallel with and having a wave vector normal to the z axis appears on the WTCS [ Fig. 4(a) ]. From now on this plane wave will therefore simply be called a TS wave. Its amplitude grows rapidly and after some time a secondary instability sets in producing -shaped vortices [ Fig. 4(d) ]. In the DNS of Ref. [15] with the same Ro but lower Re and a smaller computational domain the emerging -shaped vortices form a regular staggered array. In the present DNS, the growth of the secondary instability is less uniform and the pattern of the vortices is more complex.
About 100t after a secondary instability shows up the TS wave breaks down where the -shaped vortices have the highest amplitude and then the wave breakdown spreads to the rest of the domain Figure 5 shows trajectories of the volume-averaged root-mean-square of the streamwise (u ) and spanwise (w ) velocity fluctuations and plane-averaged τ w on the WTCS during a number of cycles at Re = 31 600, Ro = 1.2 and Re = 30 000, Ro = 1.5. The cycle trajectories follow a similar but not exactly the same orbit owing to the inherently turbulent nature of the system and show that u , w , and τ w are not in phase, i.e., u starts growing before w and τ w , since a burst is initiated by a TS wave, but they reach their peak at about the same time. [15] ] differ. In general, if Ro 1.5 and an extended region is strongly turbulent the waves and bursts appear confined to the WTCS. At higher Ro when the region with strong turbulence becomes smaller and turbulence on the STCS weaker TS waves and bursts become more notable in the whole channel, i.e., also on the STCS, which is consistent with observations in the previous section. These cyclic bursts are completely self-sustained since besides a driving mean pressure gradient no other force or disturbance is needed to trigger and sustain a cycle. Cyclic bursts emerge naturally some time after the start of a simulation once initial conditions are forgotten. Note that bursts and TS waves are observed in flows with mean velocity profiles significantly deviating from a laminar Poiseuille profile (Fig. 3) .
V. LINEAR STABILITY ANALYSIS AND ENERGY EVOLUTION
Linear stability analysis of rotating channel flow is performed since the observed instabilities resemble a linear TS instability. Furthermore, some terms describing the energy evolution of TS modes are examined. In this section, the basic equations are presented while next they are applied to analyze DNSs. 
with k 2 = α 2 + β 2 and D = d/dy and
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This eigenvalue problem for ω with boundary conditionsv(y) = Dv(y) =η(y) = 0 at y = ±1 [14] is solved with MATLAB routines. Convergence of the results has been checked by increasing the number of collocation points. The equations reveal that TS modes with β = 0 are unaffected by rotation, as noted before. A similar analysis for nonrotating turbulent channel flow using an averaged velocity as base flow U (y) has been performed by [17] to investigate linearly amplified modes. However, they used an eddy viscosity in the analysis to account for turbulence effects, whereas in the present analysis no eddy viscosity is used, unless stated otherwise.
B. Energy growth
Further insight into the growth of TS modes is obtained by considering the energy transfer in a mixed Fourier-physical space. After discrete Fourier transforms in the homogeneous directions x and z the following evolution equation for the energy E(k,t) = 1 2û i (k,t)û * i (k,t) of a TS mode can be obtained [18, 19] :
taking into account that β and spanwise velocity are zero for TS modes. Here k = (α,β), and u,v,p are streamwise, wall-normal velocity, and pressure Fourier coefficients respectively, and Re[] denotes the real part and superscript * complex conjugate. Explicit time dependence is omitted for the Fourier coefficients to keep the notation brief. Terms between square brackets in Eq. (4) describe energy redistribution by pressure and energy transfer by nonlinear triad interactions and interaction with the mean flow. The next two terms describe energy redistribution by viscous stresses and the last term describes energy dissipation. Note that all terms and Fourier coefficients are functions of y. The main energy source for TS modes is the interaction with the mean flow U =û(0) contained in the third term within square brackets in Eq. (4), which can be rewritten as Re[−û * (k)v(k)∂U/∂y]. For a TS mode without significant nonlinear triad interactions integration of (4) over y from one wall to the other gives
The pressure terms in Eq. (4) are energy redistribution terms in the y direction since they do not transfer energy to other modes and the integrated effect of the viscous stress energy redistribution and other remaining terms appears to be small for TS modes. In a laminar flow the evolution of a TS mode is thus governed by a simple balance between production and dissipation. I have confirmed that the energy growth of a TS wave with α = 1 in laminar Poiseuille flow at Re = 5000 in a DNS matches linear stability theory and a prediction by (5) using DNS statistics. Stresses, production, and dissipation of the TS wave are confined near the wall in this case. Re and Ro at which (i) linear stability theory predicts no unstable TS modes and correspondingly no cyclic bursts are observed in DNS (blue circles), (ii) it predicts unstable TS modes and correspondingly cyclic bursts are observed in DNS (red squares), (iii) it predicts unstable TS modes but no cyclic bursts are observed in a corresponding DNS (open green diamonds). The dashed magenta and solid green line mark the critical Re for TS instabilities and critical Ro for oblique and streamwise modes in rotating plane Poiseuille flow, respectively [9, 14] . time since it is only spatially averaged, but the changes are slow and small in the period before a turbulent burst [15] . If no bursts are seen in the DNS the base flow U (y) is based on the spatial and temporal averaged mean flow.
VI. ANALYSIS OF DNS DATA
In all cases where cyclic bursts are observed in DNSs, linear stability theory predicts unstable TS modes with α between 0.7 and 1.3 for the most unstable one. Likewise, when linear stability theory predicts that all TS modes are stable no cyclic bursts are observed in DNSs. However, in a number of cases linearly unstable TS modes are predicted but no unstable modes are seen (Fig. 6) .
When Re = 20 000 or 30 000 cyclic bursts are observed in DNSs in a quite wide range of Ro, as shown in Fig. 6 , while at a lower Re = 5000 cyclic bursts are only seen in DNSs if Ro 2.7 when all modes with β = 0 are linearly stable [9] . No cyclic bursts are seen if Re = 3000. Cyclic bursts are thus more prominent at higher Re although turbulence is then stronger. TS modes are linearly unstable in rotating channel flow at Re = 5000 if Ro 1.8, and at Re = 3000 if 2.1 Ro 2.55, which is lower than the critical Re = 3848 for linear instabilities in plane Poiseuille flow [14] because rotation slightly alters the mean flow and makes it more linearly unstable. However, no bursts are observed in DNSs in those cases.
A remark must be made about the choice of the computational domain sizes listed in Table I , which may seem arbitrary. Originally, most DNSs were carried with a streamwise and spanwise box size of 8π and 3π , respectively, but in some cases linear stability analysis indicated that this size did not match the wavelength of the most unstable TS mode very well. In those cases, the streamwise domain size was changed to three, four, or more times the wavelength of the most unstable TS mode to allow its development. The reason for not seeing instabilities in some of the present DNSs is thus almost certainly not related to the domain size. The spanwise domain size was also enlarged in some cases, especially at high Ro and low Re, to accommodate the long spanwise wavelengths of secondary instabilities. TS instabilities are prevented in different (shorter) domains [9] since TS waves are only unstable in a narrow range of α (see, e.g., [15] ) while TS wave breakdown by secondary instabilities and thus bursts are obstructed if domains are too narrow.
Besides indicating whether instabilities and bursts occur in rotating channel flow, linear stability theory can give a quantitative description of the instability. Reference [15] have demonstrated that linear stability predictions of the growth and eigenfunction of the most unstable TS mode triggering bursts at Re = 20 000 and Ro = 1.2 agree well with DNS. This finding holds true at Re = 31 600 and Ro = 1.2 when linear stability predictions of the wave growth in a period before a burst match DNS data, as shown by Fig. 7(a) . Mean velocity profiles hardly change before a burst and only TS modes with α 1 are linearly unstable. Also the predicted eigenfunction agrees with the DNS (not shown here), like in Ref. [15] . In some cycles, such as the one visualized in Fig. 4 , the α = 1, β = 0 mode is most energetic while in others it is the α = 7/6, β = 0 mode since their growth rates are close. Shortly after a burst the mean velocity profile changes on the WTCS and no TS mode is linearly unstable, as observed by [15] at lower Re. and Re = 20 000 and 30 000, i.e., the growth rate of the most unstable TS mode is about 20% overpredicted by linear stability theory. But in other cases with bursts the growth rate of the most unstable TS mode is higher in linear stability theory, typically a factor 2 or more, than a corresponding DNS. An example of this overprediction at Re = 30 000 and Ro = 2.1 is shown in Fig. 8 where linear stability predictions of the growth rate are based on spatial averaged velocity profiles at different times. The observed growth rate of the most unstable and energetic α = 0.75,β = 0 TS mode in a DNS is about twice as low as in linear stability theory, suggesting that turbulence slows down the instability growth since there are no other obvious explanations. Other, more coherent modes shown later could possibly also contribute to a slow-down of the instability. Yet, the instability grows approximately exponentially before a turbulence burst [ Fig. 8(a) ] and the observed and predicted eigenfunctions of the most unstable mode agree well [ Fig. 8(b) ].
Previous studies have shown that turbulence effects on linear instabilities can be modelled by an eddy viscosity. A linear stability calculation has therefore been done with an eddy viscosity included in the governing equation as in Refs. [20, 21] but this only had a small influence on the predicted growth rates [ Fig. 8(a) ]. The eddy viscosity was derived here from the DNS data from the period before a burst. Some further details on the computation of the eddy viscosity and validation of this linear stability calculation are given in the Appendix.
Fourier coefficients of the α = 0.75,β = 0 mode and mean velocity profiles have been stored every 16 time steps in DNS to examine the cause of discrepancies between theory and observations. Figure 8 (a) shows the energy growth of this TS mode computed by Eq. (5) using DNS data. The nearly perfect match between computed and observed energy growth in DNS in the period before a burst and even a short period afterwards is striking and means that the evolution of the TS mode is simply governed by a balance between production Re[−û
Other terms in Eq. (4) including energy transfer to other modes by nonlinear triad interactions evidently do not play a significant role illustrating that the observed instability is indeed linear in nature. Figure 8(a) shows too that in the period after an energy peak the curve given by Eq. (5) follows the DNS curve for a long time, illustrating that even during a secondary instability and decay phase energy transfer to other modes plays a minor role.
The cause of the discrepancy between predicted and observed growth rates is revealed by Fig. 8(c) , which shows the observed Reynolds shear stress and production, based on time averaged DNS data and mean velocity profiles in the exponential growth period before a burst, together with linear stability predictions. Note that the energy growth given by (5) using the production and dissipation (the latter is not shown here) predicted by linear stability theory is the same as the one given by the predicted eigenvalue, as in a laminar case. Any difference between observed and predicted production rates (and dissipation) imply thus different growth rates. Figure 8(c) shows that the lower growth rate of the TS mode in the DNS is caused by a lower production; especially on the STCS (y < 0) differences are large. Production is here mostly negative in DNS while it is large and positive according to linear stability theory. Differences in the production are the result of dissimilar Reynolds shear stress Re[û * (k)v(k)] of the TS mode since the mean velocity used to compute production is the same as those used in the linear stability analysis. are similar near the wall at y = 1 but everywhere else they differ strongly in DNS and linear stability theory although the eigenfunctions of the TS mode in both are similar, as seen in Fig. 8(b) . The conclusion is that in the DNS the growth rate of the instability is not slowed down by energy transfer to other modes by nonlinear triad interactions. Instead, turbulence or other flow modes appear to affect the correlation between streamwise and wall-normal velocity components of the TS mode and consequently lower the production and thus growth rate of the instability in DNS compared to linear stability theory. Figure 8 (c) further demonstrates that an eddy viscosity fails to capture turbulence effects in a linear analysis; the results are only slightly different when eddy viscosity is added.
In 13 DNSs with cyclic bursts the Fourier modes of the most unstable TS mode and mean velocity profiles have been stored every 16 time steps to compare the instability growth given by Eq. (5) with DNS. In seven of those DNSs linear stability theory agrees reasonably well to good with observed instability growth rates while in the other it significantly overpredicts the growth rate. Including an eddy viscosity derived from the DNS data in the linear stability calculations as in Ref. [21] gives as before at most a quite small improvement of the predictions (not shown here). The eddy viscosity is mostly small where the instability amplitude is large, which may be an explanation for its limited influence on the calculations.
In all cases though, the growth of the TS mode given by Eq. (5) matches the observed one until the instability maximum and sometimes even beyond it. Two examples are shown in Figs. 9(a) and 9(b). Linear stability theory overpredicts the instability growth rate in both but the energy computed by Eq. (5) agrees with DNS until or beyond the energy maximum. The discrepancy between prediction and observation is a consequence of differences in the Reynolds shear stress and thus production of the unstable mode, as seen in Figs. 9(c) and 9(d). Especially on the STCS (y 0) these differences are large; in both DNSs production is mostly negative here [although of fairly small magnitude in Fig. 9(c) ] while linear theory predicts a positive production. The energy of a TS mode grows O(10 3 ) to O (10 5 ) during a cycle. Given a growth rate of O(10 −2 ) one obtains a period of O(10 3 t), which agrees with observations. The long cycle period is thus owing to a slow growth rate.
In four analyzed cases linear stability theory predicts unstable TS modes but no instabilities are observed. Equation (5), using DNS data, predicts in those cases no growth of the most unstable TS mode and agrees fairly well to well with DNS (results not shown here). Again, this implies that nonlinear energy transfer to other modes does not play an important role in the stabilization of those modes, rather turbulence or other flow modes modify the linearly unstable modes causing a reduction of energy production.
Besides turbulence other flow modes could play a part in the stabilization of TS modes. Visualizations of the instantaneous flow field like in Fig. 10 give evidence of oblique modes in DNS at high Ro. To understand the presence of these oblique modes it is helpful to consider their linear stability. A representative example of the linear stability of various modes in channel flow at high Ro, with the base flow as in the previous cases obtained from the DNS, is shown in Fig. 11(a) . Besides the α 1,β = 0 TS mode a wide range of streamwise α = 0 and oblique modes are linearly unstable with much larger growth rates than the TS mode. Figure 11(b) shows that the frequency of the unstable oblique modes is similar to that of the TS mode and thus quite low although their wave number is considerably higher. Visualizations (Fig. 10) and spectra (not shown here) indicate that some of the linearly unstable modes are present in the flow although in DNSs they do not rapidly grow like a TS mode, presumably because turbulence is more effective at stabilizing these smaller modes. Such oblique modes were also seen by [9] in their DNS of nearly laminar rotating channel flow at Re = 10 800 and Ro very close to Ro c . Turbulence is mostly confined near the wall on the STCS at high Ro, whereas oblique modes are noticeably further away from the wall and in the center region of the channel; see Fig. 10 . It could be that these oblique and streamwise modes help to stabilize TS modes in DNSs by lowering the production of those modes. However, the energy transfer from TS modes to streamwise and oblique modes is small. 
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VII. CONCLUDING REMARKS
It is shown that TS waves are linearly unstable for a quite wide range of Re and Ro in DNSs of channel flow with spanwise rotation. Under these conditions turbulence is weak in the whole channel or a part of it. A secondary instability destroys this exponentially growing TS wave after some time, inducing an intense burst of turbulence. Once this burst has subsided a new TS instability starts and the whole process is repeated leading to a continuous cycle of intense turbulent bursts. The time intervals between bursts is long since the TS wave grows quite slowly albeit exponentially. The cycle is self-sustained since no perturbations are introduced externally. Remarkably, in some DNSs a TS instability develops although the flow is strongly turbulent in a part of the domain and the mean velocity significantly deviates from a laminar Poiseuille profile. Many DNSs have been carried out, though this study is not fully exhaustive since similar instabilities are likely found at higher Re than considered here.
Growth rates and eigenfunctions of the TS mode predicted by linear stability theory, using the spatially averaged flow in the DNSs as base flow, agree in several cases reasonably to well with DNS observations. In several other cases it predicts a too high growth rate indicating that turbulence and/or rotationally induced oblique modes have a marked effect on the instability, and in a few cases linearly unstable TS waves are predicted but no growing instabilities are observed. Turbulence also has an indirect influence on the instability since it affects the mean flow and thus instability characteristics.
Further study demonstrates that in all analyzed DNSs the development of the TS wave, before it becomes subject to a secondary instability, is governed by a balance between production Re(−û * v ∂U/∂y) by which a TS wave extracts energy from the mean flow and dissipation ν(∂û i /∂y)(∂û * i /∂y). Here,û andv are the streamwise and wall-normal Fourier modes of the TS wave. Nonlinear energy transfer from the TS wave to other modes appears to play a negligible role even if a part of the flow is clearly turbulent, confirming that the observed TS instability is linear in nature. The energy of the TS modes grows several orders of magnitude and the turbulent kinetic energy raises strongly during bursts, which makes the absence of nonlinearities when the TS wave grows notable. But the analysis also shows that turbulence and possibly the observed oblique waves can significantly alter the Reynolds shear stress −û * v of the TS wave, thereby basically depressing energy transfer from the mean flow to the TS wave. Added eddy viscosity terms in the linear stability theory do not capture this effect since they hardly affect −û * v but merely produce some extra dissipation. Linear stability analysis is frequently applied to turbulent flows (see, e.g., [22, 23] ) with sometimes demonstrable success [24] [25] [26] , but the present study shows that its predictions are not always reliable and accurate. It has been argued that in turbulent flows the influence of turbulence on wave instabilities can be modelled by including an eddy viscosity in linear stability theory to account for the energy drain by turbulence due to its interaction with the wave disturbance [20, 27] . In several studies an eddy viscosity was therefore included in the linear stability analysis [17, 21, 28] but few have attempted to thoroughly validate this approach.
In this study, I found that in several investigated cases the influence of turbulence or oblique waves should be accounted for in linear stability analysis, but an eddy viscosity fails to model this influence. Nonlinear energy transfer supposed to be modelled by eddy viscosity terms does not play a significant role in the present DNSs. Linear stability analysis using a simple eddy viscosity and other models did not give quantitatively very adequate results either on the development of imposed disturbances in turbulent channel flow [27] .
Even when a nonlinear eddy viscosity model is used agreement with data is quite poor for this case [28] . However, it performed well for some turbulent free shear flows [29, 30] . Linear stability analysis with or without an eddy viscosity model of flows with turbulence or fluctuations can thus in some cases produce valuable results, however, in some other cases it may fail to produce correct results, as is further emphasized by this study. It would be worthwhile to know when it is applicable but the present study gives only some insight into why it sometimes fails. Note that streamwise and oblique modes induced by rotation have been found in the DNSs. Such coherent modes are in general not present in turbulent flows but could in the present situation possibly have an influence on the TS wave as well.
An outstanding question is what happens with instabilities and bursts in much larger domains. For computational reasons domains were quite large although limited in the present study. The mean velocity profile is in all likelihood basically independent of domain size but the secondary instability not necessarily. This suggests that the instability still develops, but one could anticipate that the breakdown of the unstable wave is not complete or uniform in much larger domains, i.e., instability developments and turbulent bursts could become more local phenomena. Further simulations including large-eddy simulations could shed light on this issue.
Yet, the case addressed in the current study is well defined and relatively easy, and enables in-depth investigations, thereby it could offer valuable lessons for other situations with linear instabilities in environments with turbulence and other fluctuating modes. 
